Towards the genetic code

Francis Crick

The inherited master plans controlling every living organism are written on the genetic material in eac

cell.

code opens a new era in biology

How do living organisms function, and
in particular how do they reproduce
themselves? A bacterial cell, less than a
thousandth of an inch in diameter, can
carry out, in a controlled way, perhaps a
few thousand different chemical reactions.
How does the genetic message contained
in the cell control this complex activity ?
When such a cell divides it produces two
daughter cells which are very similar to
itself—the genetic message passed on to
each is identical. How is this precise
copying process carried out?

Such questions are fundamental. The
ability to feed on the environment and
build complexity, and the ability to main-
tain and pass on these built-up complex
patterns, are the essential features of life.
When we can answer them—in terms of
the patterns and interactions of atoms and
molecules—we will understand and perhaps
be able to control in some way the most
basic mechanisms of life processes.

In the last few years we have come very
close to finding these answers. Building
on the firm foundations of modern physics.
chemistry and genetics. it has proved
possible to approach living things from the
atomic level upwards. This new approach,
now usually described by the general
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These plans are coded instructions to the cell for making proteins.

term ~molecular biology.” has made re-
markable progress in the last decade or so.
For example, we can now see in broad
outline, and a good deal of detail, what the
genetic instructions are made of, how they
are passed on from cell to cell, and how
they carry out their vital task of manufac-
turing proteins. Further, and perhaps
more remarkable, this new approach has
led to two fundamental generalisations.
First, we now know that the chemistry
of the basic biological processes is
remarkably similar throughout the whole
of Nature. For example, the genetic
material of a bacterial cell is very similar
to our own, and the proteins that it makes
almost identical to ours in overall com-
position. Secondly, we now realise that.
though superficially complicated, the
crucial mechanisms of living things are
specified at the atomic level. and in a
rather simple way.

Structure of proteins

Two great families of molecules control
the key functions of the living cell. They
are the proteins and the nucleic acids. Tt
is convenient to deal with the proteins
first.

The recent breaking of th

The main function of proteins is to .-
as ‘enzymes '—the highly specialise:
catalysts which speed up the chemica
reactions in the cell. Under the nuli
conditions of temperature and acidin
within a cell most of these reactions woul!
take place only extremely slowly if thew
catalysts were not present. Each catalv
acts in a highly specific way on a particulu
chemical reaction. Thus if the cell cm
produce the correct set of proteins much
of the rest will follow. On a larger scule
proteins make up much of the struciun
of our living machinery : they are the stull
of skin, hair, muscle, blood vessels, and
internal organs.

Proteins are large molecules, typicalls
containing thousands of atoms (see Fig. 1)
But though large, their basic chemicu!
structure is remarkably simple. A protwin-
usually consists of a single polypeptid
chain : that is, a long chain with a back
bone having a regular repeating structis.
to which different side-groups are attachud
at regular intervals. The structural unii-
of this chain—the monomers which ic
joined together to form the prowm
polymer—are amino acids of which thoic
are 20 different kinds. A particular protein.
which may be several hundred amino acil
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units long, has the amino acid residues
.wrranged in a very definite sequence.
smce the classic work of Frederick Sanger
on the sequence of insulin, we now know
m full the amino acid sequences of
«veral proteins.

This sequence is the so-called ° first order
tructure ’ of the protein. Once formed,
this chain folds on itself to form the
sccond order structure,” often a regular
helix like that which can be seen in parts
of the myoglobin model shown in Fig. 3.
This helix also folds on itself in a precise
but complicated way so that each protein
has an intricate three-dimensional shape
peculiar to itself and different from that
ol any other protein. It is this so-called
“third order structure > which allows each
protein to carry out its special job. Thus
proteins, as a family, are delicate, subtle
and versatile. But behind this complexity
their basic chemical structure—the linear
wquence of amino acid units—is rather
ample, which means that they can be put
together by a relatively simple process.

Structure of nucleic acids

How is this sequence put together?
ttow does the cell contain the information
nceded to put the 20 amino acids into the
.orrect order for each of the thousands of
proteins it may make? This appears to be
the main function of the genetic material.
Ihe genes, the units of genetic function,
we arranged in a linear order along the
.hromosomes, which in higher organisms
reside in the nucleus of the cell. Each
particular gene probably contains the
mstructions to make one particular
protein. This is the ‘one gene—one
vnsyme; hypothesis.

t'rom a great deal of evidence we now
helieve that genes are made from the other
vreat family of biological molecules, the
nucleic acids. There are two kinds of
nucleic acid, closely related to each other,
«ilted DNA (for deoxyribonucleic acid)
and RNA (ribonucleic acid). The genetic
material is usually DNA, though for some
-mall viruses, such as polio, it is RNA.
\ost of the RNA in cells has other, though
ielated, functions.

DNA is also a polymer, and a very

Vig | This model of a length of DNA—
the genetic material—shows double
helical structure proposed by Crick and
Watson. (Courtesy of M. H. Wilkins)
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long one (see Figs. 1 and 2). The molecules
of DNA are usually at least 10,000 mono-
mer units long, though inside the cell they
may be longer than this. The backbone of
the DNA chain is made up of a regular,
alternating sequence of two units—a
phosphate group and a sugar group.
Attached to each sugar group is a special
side-group of atoms, known as a ‘ base.’
However, instead of the 20 side-groups of
the protein chains, DNA commonly has
only four different kinds—adeninc,
thymine, guanine, and cytosine. Thesc
bases follow one another in an irregular
order, and we now believe that it is the
precise order of these bases along any
particular length of DNA which constitutes
the genetic message.

In fact DNA molecules usually censist
of a pair of chains wound round each
other into a helix, with the bases on each
chain joining across the middle to form
* base-pairs,” rather like the steps of u
spiral staircase. It is this double property
which allows the cell to produce an exact
copy of any DNA molecule when it
divides. As for the total length of DNA
in a cell, the bacteriophage T4 which
attacks the bacterium Escherichia Coli,
has about 2 x 10°% base-pairs ; E. Coli
= itself has perhaps 107, and man some

Fig 2 Top drawing shows basic structure of DNA—a double backbone of sugar small multiple of 10° base-pairs in each
and phosphate groups joined by base-pairs A-T and G-C (adenine, thymine; cell—enough for over a million genes if
guanine, cytosine). Lower drawings show (top) half DNA molecule acting as each gene were a few thousand base-pairs
template for forming other half, and (bottom) as template for forming related RNA  long. When uncoiled, the DNA from all
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